High-throughput in vitro refolding of proteins that contain disulfide bonds, for which soluble expression is particularly difficult, is severely impeded by the absence of effective methods for detecting their native forms. We demonstrate such a method, which combines mass spectrometry with mild reductions, requires no prior experimentation or knowledge of proteins' physicochemical characteristics, function or activity, and is amenable to automation. These are necessary criteria for structural genomics and proteomics applications.
High-throughput in vitro refolding of proteins that contain disulfide bonds, for which soluble expression is particularly difficult, is severely impeded by the absence of effective methods for detecting their native forms. We demonstrate such a method, which combines mass spectrometry with mild reductions, requires no prior experimentation or knowledge of proteins' physicochemical characteristics, function or activity, and is amenable to automation. These are necessary criteria for structural genomics and proteomics applications.
Structural genomics aims to determine representative structures of those protein families for which no three-dimensional (3D) structure exists. This large-scale effort requires development of high-throughput methodologies for preparing protein samples suitable for structure determination by X-ray crystallography and NMR. Although several hundred protein structures have been deposited in data banks as a result of structural genomics initiatives, the majority correspond to proteins expressed in soluble form 1 . This limitation has hampered large-scale structure determination of secreted, multi-domain, and multiple-disulfide-bondcontaining proteins, for which, typically, soluble expression cannot be achieved.
In vitro refolding of these proteins would constitute an alternative solution, but would require a high-throughput method for identification of the native fold that facilitates screening for optimal folding conditions. Unfortunately, present methods, such as activity assays and chromatographic separations, involve a cumbersome optimization process specific to each particular protein and, therefore, remain intractable for high-throughput methodology. This is an important handicap considering that proteins that use the secretory pathway for folding and trafficking are responsible for a disproportionately large share of diseases related to misfolding. Here we demonstrate a generally applicable method that combines two tested-and-tried biochemical techniques for effective screening of the oxidative folding conditions that promote the regeneration of proteins with multiple disulfide bonds. Proteins that undergo oxidative folding are easily identified by bioinformatics approaches that accurately predict the oxidation state of cysteines 2, 3 and, thus, the number of native disulfide bonds in proteins, so our method may considerably extend the current scope of structural genomics initiatives.
Oxidative folding is pivotal to maturation of many extra-cellular and membrane-bound disulfide bond-containing proteins; it is a complex process involving sequential acquisition of native disulfide bonds, coupled with the formation of a stable native tertiary structure 4 . Although oxidative folding has been studied extensively both in vitro and in vivo 5, 6 , no generally applicable approaches have been developed for monitoring its progress, which involves the formation of a large number of intermediates differing in the number and nature (native/non-native) of their disulfide bonds 4, 7 . The primary difficulty in distinguishing the formed native protein from its folding intermediates is in identifying the formation of both the native tertiary structure and the number of formed native disulfide bonds. Both tests are necessary because intermediates possessing native-like tertiary structure and activity but lacking a native disulfide bond frequently accumulate 4, 5, [8] [9] [10] . In other cases, intermediates possess the same number of disulfide bonds as the native species but lack native structure because the disulfide bonds have non-native pairings (so-called scrambled species) 11 . Existing analytical methods monitor either the number of formed disulfide bonds (e.g., by using thiol blocking combined with mass spectrometry (MS) 9 ) or the formation of native/native-like tertiary structure (by using circular-dichroism or other spectroscopic methods 12 ), but not both. Furthermore, they are frequently based on prior knowledge of physicochemical properties of the protein and/or applicable only after an arduous optimization process specific to the protein of interest. Additionally, most such approaches require a considerable amount of purified protein.
We have developed a method that combines the power of electrospray-ionization Fourier-transform mass spectrometry (ESI/FTMS) 13,14 with a reduction pulse 8, 10, 15 to detect and identify the native form of multiple-disulfide-bond-containing proteins, either in purified form or in a mixture of other such proteins. The reduction pulse is a brief, mildly reducing procedure, applied to an aliquot of the folding mixture during the folding process; it reduces those disulfide bonds not protected by stable, three-dimensional structure 8, 10, 15 . Such structure exists only in the native protein or in native-like intermediates (in which some but not all native disulfide bonds are formed) 4 . Thus, native proteins preserve their native disulfide bonds whereas scrambled species, which have the same native number of disulfide bonds (isomers with non-native pairing) as the native species, do not. The scrambled species are converted to their reduced forms by the reduction pulse. Subsequent blocking of the free cysteines alters the mass of each blocked protein species relative to its native form. Thus, mass spectrometric analysis can determine the number of disulfide bonds in all protein species, thereby identifying the native form of the protein.
The nature and power of this approach for detecting the native form of each protein once formed becomes more apparent when a mixture of different protein species and their oxidative folding intermediates are analyzed. The molecular masses of dozens of such mixture components can be measured simultaneously because of the unusually high resolving power (410 5 ) of the FTMS used 13, 14 . This is demonstrated here by using a mixture of seven multipledisulfide-bond-containing proteins (the theoretical number of folding intermediates with distinct disulfide patterns within the mixture is calculated to be 3,968 (ref. 5)) subjected to five different folding conditions. Proteins with well-characterized oxidative folding pathways and possessing disulfide-secure, disulfide-insecure or only unstructured intermediates 5, 11, 15 were chosen to represent the generic types of oxidative folding pathways, challenges and diverse features of multiple-disulfide-bond-containing proteins (Supplementary Notes online). Figure 1a is an ESI/FTMS spectrum of a regeneration mixture of the seven proteins subjected to a reduction pulse, followed by blocking of any free thiols with aminoethylmethanethiosulfonate (AEMTS) 5 . The masses of the native forms of the seven protein species and their intermediates are well resolved. Note that assignment of all species in all charge states in the mixture would complicate the figure; therefore, the identity of select species (native and fully reduced for each protein) in the most abundant charge state or in those charge states that are clustered in the spectrum is highlighted.
The reduction pulse 8,10,15 plays a key role in our technique; to demonstrate that it selectively reduces all scrambled (unstructured) protein species but not native ones, we prepared separate mixtures of scrambled and native forms of the seven proteins and subjected them to a reduction pulse. The reduction pulse converted all scrambled protein species (fully oxidized, non-native isomers) to their respective, fully reduced forms (Fig. 1b) . By contrast, all native proteins remained as such in the latter sample after application of the reduction pulse (Fig. 1c) . The condition of the reduction pulse optimized here is generally applicable to multiple-disulfide-bond-containing proteins (see Supplementary Notes) . The use of an internal standard (ubiquitin) facilitated selection of those folding conditions in which the highest concentration of the native form is generated for each protein species (Supplementary Table 1 online) . For each protein, a corresponding decrease of the peaks of the reduced form relative to ubiquitin indicates that these are indeed effective folding conditions. Addition of guanidium-HCl to samples after AEMTS blocking has multiple benefits; it ensures (i) similar solution conditions when processing samples under each folding condition and (ii) almost quantitative recovery of the proteins (see Supplementary Notes) . The best folding condition identified for each protein by our method (Supplementary Table 1 ) was corroborated by a semiquantitative determination of the relative concentrations, and thus the yield, of the native proteins (Supplementary Table 2 Our method does not require prior knowledge of the physicochemical characteristics of proteins and can be applied to proteins without knowing their function or activity, without prior folding information or optimization of their chromatographic separation, and without generating antibodies for immunoblot assays. It is amenable to automation and facilitates rapid testing of multiple folding conditions for a large number of proteins; it is inexpensive and practical. These are features that are required for structural genomics applications and high-throughput structure screening.
We recently identified and structurally characterized a protein that constituted o1% of a cell extract 13 , suggesting that the screening of folding conditions of expressed proteins without their prior purification from crude extracts is also feasible. The potential to analyze the formation of the folded structures of multiple-disulfide-bondcontaining proteins in intact cells may soon be realized.
Note: Supplementary information is available on the Nature Biotechnology website.
